In sexual reproduction, the union of the male and female pronuclei occurs in fertilized eggs to mix genetic materials derived from both parents, thereby creating a new genome for the next generation [1] [2] [3] [4] . The process leading to pronuclear union consists of pronuclear congression, which depends on astral microtubules derived from sperm centrosome [5] [6] [7] [8] , and the subsequent pronuclear fusion or karyogamy. The union process progresses in parallel with the first embryonic cell cycle, but the molecular mechanisms involved are poorly understood. Here, we devise a labeling method with Dendra2 to track both pronuclei individually in living starfish eggs. Although pronuclear union naturally proceeds while G1 arrest is released by fertilization and S phase progresses [9] , we show that the cell-cycle resumption and progression are not prerequisites for pronuclear union. However, low levels of cyclin B-(but not cyclin A-) Cdk1 activity are detectable even in interphase, and are indispensable for pronuclear union, by contributing at least to pronuclear congression through formation of sperm aster. Pronuclear congression thus requires the activity of M-phase cell-cycle regulator in interphase, independently of the cell-cycle regulation. These findings not only provide a clue to the regulatory aspect of creation of new genome with fertilization, but also reveal a novel role for the M-phase Cdk1 during interphase.
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Results and Discussion
Live Imaging of Male and Female Pronuclei Both euploidy and genetic variations of offspring in sexual reproduction are ensured through a series of half reduction of genomic contents and their subsequent full restoration. Whereas the genomic reduction is attained by meiosis in each of male and female gametes, the genomic restoration is attained by union of the haploid male and female pronuclei in zygotes. Although pronuclear union occurs during the first embryonic cell cycle after fertilization, the molecular mechanisms involved have been largely unexplored in the context of the cell cycle, even though its process has been extensively described as a classic subject in fertilization [1] [2] [3] . To address how pronuclear union and the cell cycle are mutually related, we used starfish eggs, because they have long been utilized as a model system to study meiotic maturation and fertilization [1, 9] . Immature oocytes of the starfish are arrested at prophase of meiosis I. Once meiosis is reinitiated by the maturation-inducing hormone 1-methyladenine [10] , meiosis I and II are completed in the absence of fertilization to produce haploid mature eggs that have a female pronucleus arrested at G1 phase [9] . Insemination of these eggs releases the G1 arrest; along with the cell-cycle progression in interphase, a male pronucleus is first formed, female and male pronuclei migrate to encounter each other (congression), and then they combine into a single nucleus (fusion), followed by initiation of the first M phase of the embryonic cell cycle. Thus, in starfish eggs, both pronuclear congression and the subsequent fusion occur while the cell cycle remains in interphase.
We first analyzed pronuclear congression and fusion by imaging male and female pronuclei individually in living eggs. The male pronucleus in particular is small and not easy to track by transmitted light microscopy, so we devised a fluorescent method to specifically label both pronuclei. As an optical marker, we made a photoactivatable dual-color fluorescent fusion protein that is composed of IBB (importin b-binding domain of importin a)-Dendra2-His ( Figure 1A ). This marker protein localizes in the nucleoplasm because of binding of IBB to a nuclear import carrier, importin b [11] , and also can be irreversibly photoactivated from a green to a red fluorescent form because of Dendra2 [12] . IBB-Dendra2-His was microinjected into mature eggs, followed by insemination. After the male pronucleus had formed around 15 min after insemination, the restricted area of the male pronucleus was irradiated with a laser to induce photoconversion of Dendra2 from green to red fluorescence, via a confocal twin-laser scanning microscopy that allows simultaneous observation and irradiation. Thus the female and male pronuclei were simultaneously monitored in a living egg as green and red, respectively, under a confocal microscope equipped with excitation lasers for both fluorescences ( Figure 1B) .
A few minutes after male pronucleus formation, the male and female pronuclei began to migrate ( Figure 1C ; Movie S1 available online). During migration, which took about 20 min, protrusions extended from the female pronucleus not only in the direction of the male pronucleus but also in other (sometimes opposite) directions. Even as these protrusions were occurring, both pronuclei migrated almost directly toward each other until they came within w10 mm of each other. The pronuclei usually did not fuse at first contact; instead, the male pronucleus moved sideways close to the female pronucleus for several minutes (sometimes more than 10 min) until fusion occurred. Once fusion started, the male pronucleus sank into the female pronucleus within 10-20 s ( Figure 1D ; Movies S1 and S2). Thus it is likely that something should be satisfied between the finish of congression and the start of fusion.
Pronuclear Congression Requires Cdk Activity but Not Cell-Cycle Start
How then is the cell cycle implicated in pronuclear union? Historically, it has been noted that the first cell cycle after fertilization, particularly its G1, S, and G2 phases, differs from the other embryonic cycles, in regarding it as a start with fertilization (e.g., see p. 63 in [13] ). In starfish, G1 phase arrest in unfertilized eggs is brought about by the Mos-MAPK (mitogen-activated protein kinase)-Rsk (p90 ribosomal S6 kinase, p90Rsk) pathway, and shutdown of this pathway by fertilization is necessary and sufficient for the cell-cycle start [9, [14] [15] [16] . Thereafter, G1 phase proceeds in each of male and female pronuclei that starts to migrate around 15 min after insemination, DNA replication begins around 30 min in each of migrating pronuclei and continues until 45 min in fused pronuclei, and then M phase starts at around 60 min ( [17] ; K.T., unpublished). In spite of such coincidence, however, pronuclear union occurred almost normally when the cell cycle remained to be arrested at G1 phase by GST-Mos or when DNA replication was prevented by aphidicolin (Figures 2A and 2B ; Figures S1A, S1B, and S2). Thus, pronuclear union requires neither the cell-cycle start nor the subsequent progression that are initiated by fertilization.
To confirm that the cell-cycle regulation is not involved in pronuclear union, we added roscovitine, a potent and selective inhibitory reagent for major cell-cycle regulator Cdks [18] (see also Figure S3 ), to eggs immediately after insemination. In the absence of Cdk activity, the fertilization envelope and male pronuclei formed normally with the same time course as control (data not shown). Surprisingly, however, male and female pronuclei did not migrate or migrated unusally slowly ( Figures   2C and 2D ). 60 min after fertilization, when pronuclear fusion had already occurred in all control eggs, the pronuclei had not congressed in more than 95% of Cdk-blocked eggs ( Figure 2D ). This prevention of pronuclear congression was maintained at least 150 min after insemination when the control embryos reached the 8-cell stage. In a few exceptional cases, both pronuclei migrated very slowly and finally met around 90 min; they seemed to contact but did not fuse until 180 min after insemination, possibly because of lack of a stable association between both pronuclei ( Figure 2C ; Movie S3). These observations indicate that both pronuclear congression and fusion, i.e., both processes toward pronuclear union, require Cdk activity, although it is not possible to exclude that Cdk acts only through regulation of pronuclear congression.
Pronuclear Congression Requires Cyclin B-Cdk1
We then precisely monitored H1 kinase activity in whole-egg extracts during G1 and S phases of the first cell cycle ( Figure 3A ; Figure S4 ), because Cdks are major components responsible for the H1 kinase activity contained in starfish eggs [19] . H1 kinase activity remained low but was detectable with a slight increase until 40 to 50 min, followed by abrupt increase toward M phase. As the cyclin partner for Cdk, a possible candidate is cyclin E, which should be functional in interphase [20] . However, cyclin E-Cdk2 comprised less than one-tenth levels of the total H1 kinase activity, and sufficient knockdown of cyclin E synthesis by a morpholino-oligonucleotide in the egg showed no effect on pronuclear congression and fusion (K.T., unpublished; Figure S5 ). In contrast, cyclin B occurred at low levels and cyclin B-Cdk1 exhibited low levels of H1 kinase activity even in unfertilized eggs arrested at G1 phase (Figure 3A; Figures S1A, S2, and S4; see also [19, 21] ). After fertilization, low levels of H1 kinase activity were still detectable until 30 min in cyclin B-associated Cdk1, sometimes peaking around 20 to 30 min, but not in cyclin A-associated Cdk1, and thereafter in both Cdk1s ( Figure 3A ; Figure S4 ; compare with Figure 3B ; see also Figure S1A ). Thus, either cyclin B or cyclin A, or both, are likely to be major component(s) of Cdk that exhibits H1 kinase activity during G1 and S phases.
We then knocked down either cyclin A or cyclin B with morpholino-oligonucleotides and examined pronuclear union (Figures 3B-3D ). In the absence of cyclin A, H1 kinase activity was maintained at low levels until 20 min after fertilization, and then decreased to lower levels even as accumulation of cyclin B occurred. In these eggs, pronuclear congression and fusion occurred with a normal time course, indicating that cyclin A-Cdk1 is dispensable for pronuclear union. In contrast, in the absence of cyclin B, H1 kinase activity was almost undetectable until 20 min and then increased abruptly because of accumulation of cyclin A ( Figure 3B ) (see also [19, 21] ). In these eggs, both pronuclei were formed in normal time course, but pronuclear congression was mostly prevented or rarely occurred very slowly, with no pronuclear fusion until 120 min ( Figures 3C and 3D) . Addback of recombinant cyclin B protein into cyclin B knocked-down eggs restored pronuclear congression and fusion ( Figure 3D; Figure S6 ; see also Figure S2 ). Taken together, cyclin B-associated, but not cyclin A-associated, Cdk1 activity, that occurs at low levels in G1 phase arrest or during G1 and S phases progression after fertilization, is required for at least pronuclear congression.
Cyclin B-Cdk1 Contributes to Pronuclear Congression through Sperm Aster Formation in Interphase
What then is the role of cyclin B-Cdk1 in pronuclear congression? Migration of female and male pronuclei during their congression is known to depend on astral microtubules (MTs) derived from the sperm centrosome [5] [6] [7] , but not on actin filaments ( Figure S7) . As for the MT-dependent nuclear positioning, two mechanisms are proposed for male and female pronuclei, respectively [8] . One is centrosome-dependent nuclear positioning, which occurs in male pronuclei [22, 23] , and the other is the minus end-directed, motor-driven nuclear tracking along MTs, which occurs in female pronuclei [24, 25] . Indeed, protrusions were observed coming from the elongated female pronucleus during its migration ( Figure 4A ; Movie S1; see also Figure 1C ) and appear to reflect interaction of the female pronucleus with astral MTs. However, in Cdk-blocked eggs in which pronuclear congression was prevented, female pronuclei were completely round and no clear protrusions were observed ( Figure 4A ; Movie S3), implying that either the formation of astral MTs or the interaction of female pronucleus with astral MTs, or both, depends on Cdk activity. We then visualized sperm astral MTs by antitubulin immunofluorescent staining ( Figure 4B ). In fertilized eggs in which cyclin B had been knocked down, almost no astral MTs were observed; in contrast to that, astral MTs were only slightly reduced in cyclin A knocked-down eggs when compared with control eggs. Addback of recombinant cyclin B protein into cyclin B knocked-down eggs restored the formation of astral MTs. Thus, the requirement of cyclin B-Cdk1 for pronuclear congression is most likely due to its requirement for the formation of sperm astral MTs.
Conclusions
Taken together, these data indicate that pronuclear union, particularly pronuclear congression, is controlled by cyclin B-Cdk1 through formation of sperm aster, but not by the cell-cycle progression that is started with fertilization. Although sea urchin eggs also exhibit both pronuclear congression and fusion in interphase [2] [3] [4] [5] , in some species (including mouse) pronuclear fusion does not occur in interphase and the actual mixing of nuclear materials occurs at breakdown of nuclear envelope after entry into M phase [3] . Nevertheless, in all species, it appears that pronuclear congression is essential for genomic union and always occurs during interphase. Accordingly, our present finding in starfish should be generally relevant toward elucidating the enigmatic regulatory mechanism underlying the creation of new genome with fertilization.
Cyclin B-Cdk1 is already known to be a governor of M phase [26] , and hence is a major regulator of meiosis [9] . Together with our present finding, we can conclude that cyclin B-Cdk1 regulates both genomic reduction and restoration, thus playing a key role in creating a new genome that is derived from both parents. In particular, although roles of cyclin B-Cdk1 for mitotic spindle assembly in M phase have been extensively studied [27] , it is intriguing how low levels of cyclin B-Cdk1 activity regulate sperm aster formation in interphase. It should be noted that the sperm aster that is formed in interphase declines after completion of pronuclear fusion, prior to development of the mitotic aster [28] . In Drosophila syncytial cycles, changing levels of cyclin B in interphase can alter the MT network and influence nuclear migration [29] . Thus, an interphase role of cyclin B-Cdk1 in nuclear migration appears to be conserved in embryonic system. The downstream targets of cyclin B-Cdk1 in the sperm aster formation during interphase are worth investigation.
Experimental Procedures
Live-Cell Imaging For live monitoring of male and female pronuclei in fertilized eggs, two types of fluorescent probes were used. Each of them was a fusion protein with IBB (importin b-binding domain of importin a) [11] that localizes itself into nucleus because of binding to nuclear import carrier, importin b. One probe was GST-IBB-GFP, with which both male and female pronuclei were observed as the same green through excitation of GFP. The other probe was photoconvertible IBB-Dendra2-His, which allowed observation of male and female pronuclei with different colors [12] . Unfertilized mature eggs were microinjected with 25 pg of either GST-IBB-GFP or IBB-Dendra2-His dissolved in 50 pl of PBS, and then inseminated. Soon after male pronucleus formed around 15 min after fertilization, Dendra2 in male pronucleus was photoactivated through irradiation with 405 nm stimulation laser for 2 s at the 3 mm diameter area of male pronucleus. Only the Dendra2 in the male pronucleus was thus photoconverted from green to red, allowing individual observation of male and female pronuclei as red and green, respectively. Confocal imaging and time-lapse microscopy were performed with an Olympus confocal laser-scanning microscope FV1000 equipped with simultaneous laser stimulation and imaging (SIM) scanner. This system allows photoconversion of Dendra2 without interrupting observation, and also simultaneous and individual observation of female and male pronuclei through simultaneous or alternate excitation with 488 nm (for green fluorescence) and 543 nm (for red fluorescence) lasers. All movies and photographs were prepared with FinalCut pro (Apple computor) and Photoshop CS2 (Adobe) softwares.
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Supplemental Data include Supplemental Experimental Procedures, seven figures, and three movies and are available at http://www.current-biology. com/cgi/content/full/18/17/1308/DC1/. Figure 3B , and 30 min later, fixed and extracted. In some eggs, recombinant cyclin B protein (rCycB; see Figure S6 ) was coinjected with MOCycB. Microtubules and pronuclei were visualized by staining with antitubulin antibody and DAPI (DNA), respectively. Note the lack of sperm astral microtubules in cyclin B knocked-down eggs, and their restoration by addback of rCycB. Sectioning images were obtained with ApoTome (Zeiss). Scale bars represent 30 mm.
